Optimizing management of multiple hospital operating rooms (ORs) is a complex problem. A large hospital can have upwards of greater than 50 with a large number of different procedures per day and per OR that needs to be scheduled several weeks in advance. Each procedure requires gathering a team led by a surgeon for a specific block of time in the OR, but even common procedures such as cholecystectomies, which account for about 1.4 million cases per year in the USA, exhibit a significant variation in total procedure duration. OR time is one of the most significant budget chapters in a modern hospital, and it has also been shown that delays in OR procedures due to lapses in scheduling and/or OR resources availability have been responsible for post-surgical complications. We propose an innovative, cost effective hardware/software OR awareness solution that automatically (i) detects what step of the procedure the OR team is at, (ii) determines if steps are out of order, (iii) identifies and pinpoints procedural delays, irregularities, and unused OR time, and (iv) can assist in root cause analyses and assessment. Most institutions have an electronic OR management software system in place that allows for easy projection and visualization of the daily OR schedule, but all rely heavily on manual data entry resulting in human error and bias. There exists a need not only for a fully automated, unbiased, and accurate OR management system that also collects key procedural data for both real-time and retrospective analyses but also for an intuitive and user-friendly digital interface. With our system, we have been able to track and collect data on almost 300 cases to not only identify but quantify sources of inefficiency as well as automatically indicate cases that exceed expected lengths.
Background
We started the smart operating room (OR) concept to aid surgeons, OR staff, as well as patients and patient family members that have expressed their frustration in excessive waiting times as well as delays in and out of the OR. Difficulties in efficient communication between OR staff and those team members responsible for organizing and managing the OR suite activities also exists in every hospital across the nation [1] . An OR suite at a hospital is a system constantly in flux. Cases are added and canceled regularly, rooms need to be reallocated, and a significant amount of coordination is required to know current room statuses for each OR in order to guide staff and patient movement in the perioperative space.
The hospital management is constantly struggling to improve the efficiency of OR usage, as it is becoming a major issue to provide high quality affordable health care. At a cost of approximately $100 per min, OR time is incredibly expensive and even small delays compounded over the course of multiple ORs and multiple days result in a significant impact [2] .
We have assembled an interdisciplinary team of surgeons, applied mathematicians, and computer scientists to focus on two key aspects and needs to improve OR efficiency:
1. How do we close the information loop between the surgical team and the OR system, so the OR system can add computational intelligence to deliver the procedures with allocation of OR time and resources in an optimal way? 2. Can we provide context information on patient status from patient registration to patient discharge, since it is well known that inefficiency and safety issues may come from miscommunications with the OR team at both the preparation and recovery stage?
The different backgrounds (from health care to design) of the team allow us to approach each problem from multiple perspectives as well as maintaining a translational dialog in the hospital. Not only combining engineers, programmers, and user interface designers but also having dedicated surgeons on the team ensures that the project design can be smoothly implemented while remaining cognizant of the complex functions and the "culture" of the operating room and perioperative space. Just as importantly, we have nurse managers and OR staff members as regular consultants that can describe the issues they encounter on a daily basis in the perioperative space.
The missing link in today's hospital system is that there is no rigorous way of automatically collecting information on what is occurring in the OR and the perioperative space [3] . Most current systems are error prone because they require a fairly large amount of tedious human work and intervention while health care personnel are usually already very busy with their duties [4] . Some systems rely completely on radio frequency identification (RFID) as well which is expensive and requires complex installation and tag deployment [5] . We endeavor to propose a modern solution that would work for any operation but would be most efficient for large volume procedures. The major steps of an OR cycle ( Fig. 1 ) from the patient entering the OR through the cleaning after a case is completed can be segmented, with at least one specific event occurring at each step that can be targeted with a simple, dedicated sensor.
For technology acceptance, it is essential to have sensors that target tasks but not necessarily specific staff members. The system of distributed sensors also needs to require as little maintenance as possible, requires no sterilization, and most importantly, does change the overall flow of the OR.
Methods
For our project, we first segmented the operating room cycle into sequential events and then identified an action that was unique to each event. We then developed a dedicated sensor that would be designed to capture the occurrence of that event ( Table 1 ). The first goal was to ensure that the system was robust enough to build a timeline of events during a day in the operating room and to be able to collect and transmit these data wirelessly to a centralized computer for consolidation and analyses.
Each designed sensor was built with custom communication software protocols as well as being wifi-enabled to allow for wireless connectivity and ease of installation. Three sensors were placed in each OR in key locations to capture target events while remaining out of the way and unobtrusive to the OR team. For this study, two ORs adjacent to each other were outfitted with the three sensor array ( Fig. 2) and both communicated via a secure wireless network to the central computer that not only projected the sensor outputs in real-time but also captured the data for retrospective analyses. The system was installed and running 24 h a day for 7 days a week beginning at the end of 2014. To focus on potential events leading to delays of when the first surgical case starts (ultimately resulting in delays through the rest of the day), we installed a dedicated RFID system in the preoperative space where surgeons must see their patient before the patient can be taken to the OR (Fig. 3) . Three staff surgeons were provided unique RFID tags to capture the time(s) that they entered the preoperative area. The goal was to first see how soon before the scheduled start time for the first case of the day they visited their patient and how often the first case starts on time.
All the sensors were remotely controllable for fast and noninvasive potential system repairs. All components were easily acquired and assembled with 3D printed cases. Only a small white box and the sensor or camera are visible in the installed system, and all sensors were plugged into the emergency power outlets in and around the OR as these had dedicated uninterrupted power. The collected data were always anonymous as they centered around case types and perioperative setting movements and functions and not on individuals. The data stream was stored on an on-site secure 
Results and discussion
With the collection and processing of 281 cases collected from 12/1/14 to 5/1/14, results obtained confirm the capability of accurately identifying the steps of the operative procedure outlined in Table 1 in a repeatable and reliable way. A representative generated timeline of sensor-derived data from a single OR on 1 day is depicted in Fig. 4 . The doorway pressure sensor reliably detected entrance and exit of the patient bed and initiation as well as cessation of the ventilator function (indicating when the patient was intubated as well as extubated) was clearly captured by the motion sensor camera placed on the ventilator bellows. On the generated timeline, changes in ambient light within the OR are visually depicted as a decrease in peak intensity of the ventilator movement and signify "going green" in the room for the laparoscopic portion of the operation.
The database we built gives us access to a very broad range of types of procedures from a range of surgical specialties. While performing the data analyses and segmentation, we did statistical analyses on each part of the OR cycle. We also separated out the different types of procedures and did a more in depth analysis of common general Fig. 4 Representative day in the OR. Example of three cases captured by the SmartOR system. The targeted events are clearly identifiable along with time between procedures. The data from the camera shows the difference between the non-laparoscopic and the laparoscopic portion of the surgery corresponding to a decrease of the ambient light in the OR surgery procedures. For clinical relevance, we focused on examining the outliers in each portion of the OR cycle and overall outliers in common general surgery procedures.
A case is defined as an outlier as soon as its length in, at least, one part of the operation extends the mean plus 1 standard deviation from the other cases. With outliers identified, we can track back the reason(s) of the delay(s) during (or before/ after) the operation on the electronic medical record (EMR). This way, the feedback we can give to the OR staff is stronger because it has this post processing value that no other system could have before. For example, our system captured an operation in which the patient spent a significantly extended length of time in the OR (Fig. 5a ) in comparison to over the 256 cases analyzed (open or laparoscopic ones but with intubation). This case exceeded the rest of the cases by the mean (174 min) plus 6 standard deviations (1 SD = 83 min). Going back to the EMR, we understood that this case was a very complex one with different surgeons involved.
To focus on portions of the OR cycle that should have an approximate average time frame irrespective of the type of procedure performed (and which could be a realistic focal point for OR efficiency improvement), we focused then on the time between when the patient enter (bed detected) and the ventilation starts (the bellows starts to move) as well as the time between the end of the ventilation and the patient exiting the room. As before, we analyzed 256 cases, computed the mean and standard deviations, then identified outliers. We found that overall, 23 % of the cases were suboptimal in one of this two parts. Here as well, some cases had longer durations in these portions of the operation than other. If we take the example of the case circled on Fig. 5b which exceeded 6 standard deviations (1 SD = 8 min), this indicated that there were significant and unusual circumstances that prevented the procedure from progressing in an expected fashion. When we referred back to the anesthesiologist's record in the EMR, we were able to see segments of time between when the patient entered the room and when they were intubated where no activity was noted even though this time frame was nearly 1 h in length.
On the other end of the operation, between when the patient was extubated and exited the room, the system identified cases that again exceeded the mean by 6 standard deviations (Fig. 5c) . Upon reviewing the case details, there were multiple etiologists to these delays with the most common being that the recovery room was not yet ready to receive the patient.
With or without reported causes in the EMR, the system has proven its ability and usefulness in better understanding and identifying problem points of OR workflow on a broad range and number of cases. The system can be leveraged to focus on very specific case types as well. When filtering for laparoscopic cholecystectomies (one of the most common general surgery procedures), our system had captured and analyzed ten of them and identified one large outlier (Fig. 6 ) in overall case length that was reported on the EMR as a delay due to the recovery room not being ready to accept the patient from the OR.
When focus is turned to the non-procedural portions of the OR cycle such as the time between cases (turnover time), the system demonstrates how easily and precisely it can automatically detect, quantify, and generate meaningful data to be used by the team to improve efficiency. At our institution, the ideal turnover time is 30 min. With the system tracking cases, we determined the mean time to be 35 min (Fig. 7) indicating an opportunity to improve efficiency. Fig. 6 Distribution of time spent between extubation and the patient leaving the OR. We analyzed ten laparoscopic cholecystectomies, and here, we focus on the time after extubation and when the patient exits the OR. The system determines the mean and identifies clear outliers Finally, with the RFID component of our system, we were able to track when the three surgeons identified their first patient of the day, and then with our OR, sensors determine the actual time the patient entered the OR versus the scheduled time. We found that the average time the surgeons visited the patient was approximately 8 min prior to the time the case was schedule to start and that 69 % of the first cases of the day started late ( Table 2 ). The implications here are large as a late start to the first case of the day in an OR can easily result in delays over the course of the day in that OR. 
Conclusions
With this ongoing study, we have demonstrated that by using a refined set of simple, wireless sensors, we can accurately and effectively capture key events in the cycle of the operating room. Retrospective analyses of these collected data also allow us to quickly and easily generate clinically and operationally relevant statistical measurements that can be used as focal points for OR efficiency improvements. As the data collection continues to increase, ultimately, correlations between events and event lengths with patient outcomes may become possible. This would fully leverage the system's ability to automatically track and record OR activity and result in a refined system that can notify appropriate OR staff/ team members if certain events or event lengths are risking patient safety in real-time.
Several intraoperative events such as length of time in the OR as well as time under anesthesia contribute to poor patient outcomes, and our system can assist in preventing these [6] . The final goal of the system is to build a new, efficient, dynamic, and real-time OR management platform. Along with hardware and software refinement, we also plan to add the capability of patient localization. To address this, we are currently testing small programmable radio frequency modules that can be either worn by the patient or attached to the patient's chart as it travels with the patient in the perioperative space as well as when they are transported for procedures or imaging around the hospital.
The user interface of the system will be of high importance as well. Building an intuitive graphic user interface that distils the information collected in real-time by the sensor network will bring the system together in a centralized, interactive screen. This will provide real-time updates, patient locations, as well as the status of each OR with the touch of a button. Our system will also be able to interface with EMRs via the now-standardized HL7 (health level 7) protocols for patient data transmission. Ultimately, this interface will be the product that the end user interacts with. All the data collection, patient and procedural tracking, as well as statistical analyses and implementation will all be done behind that interface.
Abbreviations EMR: electronic medical record; HL7: health level 7; OR: operating room; RFID: radio frequency identification; SD: standard deviation.
